Individuals of many nontropical rodent species restrict breeding to the spring and summer. Seasonal reproductive quiescence putatively reflects the energetic incompatibility of breeding and thermoregulatory activities. However, so-called "out-of-season" breeding occurs in virtually all rodent populations examined, suggesting that the incompatibility can be resolved. Both reproductive inhibition and development of energy-saving adaptations are mediated by environmental photoperiod, but some individuals do not inhibit reproduction in short days. In order to assess the costs and benefits of winter breeding, the present study examined the extent to which male prairie voles ( Microtus ochrogaster ) and deer mice ( Peromyscus maniculatus ) that maintained summer reproductive function in wintersimulated daylengths also maintained summer thermoregulatory adaptations. Circadian locomotor activity patterns, basal metabolic rate, capacity for nonshivering thermogenesis, nest building, body mass, and daily food consumption were compared among short-day (LD 8:16) regressed males, short-day (LD 8:16) nonregressed males, and long-day (LD 16:8) males. Short-day nonregressed deer mice resembled long-day conspecifics in terms of body mass and nest-building activities; however, the locomotor activity pattern of short-day nonregressed deer mice was similar to that of their short-day regressed conspecifics. Short-day nonregressed prairie voles had body masses similar to those of longday conspecifics. Regardless of their reproductive response to photoperiod, short-day prairie voles reduced their daily food consumption and wheel-running activity, compared to long-day voles. These results suggest that winter breeding has energetic costs, most likely resulting from maintaining a "summer-like" body mass relative to that of reproductively regressed animals. These costs may be ameliorated to some extent by the reduction in locomotor activity and nest-building behavior emitted by short-day animals, regardless of reproductive response to short days. Thus, the occurrence of winter breeding may be the result of sufficient numbers of reproductively photoperiod-nonresponsive morphs in the population and sufficiently mild ambient conditions to permit survival of these larger animals.
maier and Ruf, 1992) . The &dquo;bottleneck&dquo; created by elevated energy demands when energy availability is low has led to the evolution of energy-conserving strategies to cope with winter (Randall and Thiessen, 1980; Rowsemitt et al., 1982; Vogt and Lynch, 1982 ; Dark and Zucker, 1983; Rowsemitt, 1986; Sullivan and Lynch, 1986) . Central among the repertoire of winter-coping adaptations is reproductive inhibition. The majority of individuals among populations of nontropical, nonungulate animals stop breeding during the winter (Sadlier, 1969; Bronson, 1989) . Presumably, the energetic and survival costs of winter breeding outweigh the reproductive and survival benefits, although this remains an untested assertion in most cases. Nevertheless, a significant minority of individuals among rodent populations breed throughout the winter, despite challenging conditions (reviewed in Nelson, 1987) .
The circumstances that shift the cost-benefit ratio to favor winter breeding among individual small mammals have remained unspecified. Conditions that permit successful winter breeding regularly occur because evidence for winter breeding has been reported for many rodent species; however, the proportion of winter-breeding males in any population varies from year to year and from location to location (Nelson, 1987) . Animals that manage to breed successfully during favorable winter conditions will increase their reproductive fitness over that of nonbreeding conspecifics. However, this hypothetical increase in reproductive fitness will accrue only if the costs of winter-bom offspring do not compromise survival (Clutton-Brock, 1991) . Because not all animals breed during the winter, it is reasonable to surmise that there must be significant costs associated with winter breeding. Otherwise, the genes allowing winter breeding would spread and dominate in the population. Some of these costs may reflect the survival costs associated with compromised thermogenic ability when breeding (Trayhum et al., 1982) , whereas other costs may reflect energy demands that may not be met if energy resources are scarce.
The cost of reproduction for female mammals is high. For example, energy consumption may double during pregnancy and triple or quadruple during lactation (Bronson, 1989; Clutton-Brock, 1991) . The energetic savings for females to stop breeding when conditions are energetically challenging seem apparent. Females breeding out of season often perish (Fairbaim, 1977) . However, the costs and benefits of seasonal reproductive quiescence to individual males are not obvious. Why not maintain the male reproductive system all year to take advantage of any mating opportunities? The present study addresses the costs and benefits of winter breeding among males of two rodent species.
The vast majority of nontropical rodents species thus far studied use the annual cycle of daylength to phase their breeding season (Goldman and Nelson, 1993) . In addition to inhibiting reproduction, short daylengths also evoke a constellation of behavioral and physiological changes that promote a positive energy balance during the winter. For example, the frequency and magnitude of thermoregulatory behaviors, such as nest building and torpor, increase in short days (Lynch et al., 1973; Blank et al., 1988; Puchalski and Lynch, 1988; Ruby and Zucker, 1992) . Physiological changes that occur in response to short daylengths include elevation of basal metabolic rate (BMR), increased capacity for nonshivering thermogenesis (NST), increased or decreased body mass, and decreased circulating concentrations of gonadal steroid hormones and gonadotropic hormones (Lynch, 1973b; Heldmaier and Steinlechner, 1981; Heldmaier et al., 1981; Dark et al., 1983a; Dark and Zucker, 1983 , 1984 , 1986 Wunder, 1984; Holtorf et al., 1985; Yanagidairi et al., 1989) . The frequency of communal huddling is increased during the winter (Lynch et al., 1973; McShae, 1990) ; however, the extent to which huddling behavior is photoperiodically mediated has not been determined. Furthermore, the extent of linkage among the components of the constellation of adaptations to winter remains unspecified. For instance, Djungarian hamsters (Phodopus sungorus) that maintained gonadal function after chronic maintenance in short days failed to develop the winter pelage or exhibit the winter behavioral adaptations observed among animals with regressed reproductive function (Puchalski et al., 1988) . In contrast, male prairie voles that failed to respond reproductively to short daylengths nevertheless reduced blood plasma prolactin concentrations and developed a winter pelage (Smale et al., 1988; Nelson et al., 1989) .
The present study was designed to assess the energetic costs associated with photoperiodinduced gonadal regression by examining individuals that differ in reproductive responsiveness to short days. We sought to determine how thermogenic adaptations are linked to reproductive processes by using the variation among naturally selected rodent populations in reproductive responsiveness to photoperiod. Several different types of mechanisms could account for the coincidence between the occurrence of thermogenic adaptations to winter conditions and a cessation of reproduction. First, it could be that changes in gonadal function directly stimulate changes in energetic adaptations to winter. Second, a central mechanism could stimulate changes in both reproductive function and energetic adaptations to winter. Third, mechanisms that are independent of one another could separately regulate changes in reproductive function and energetic adaptations to winter. It is also possible that several of these mechanisms combine to control changes in reproductive function and adaptations to winter. In other words, if changes in energetic adaptations to winter are tightly linked to the gonadal response to short days or are controlled by the same mechanism that regulates gonadal response to short days, then the gonadal response to short days and the appearance of winter adaptations should be highly correlated. However, if the mechanisms that control gonadal response to short days and the appearance of winter adaptations are independent of one another, then the gonadal response to short days and the appearance of winter adaptations may not necessarily be correlated with each other. If they are correlated, then animals that become gonadally regressed in short photoperiods should exhibit the entire repertoire of winter adaptations. However, if they are uncorrelated, then there should be no relationship between gonadal response to photoperiod and the presence or absence of winter adaptations. Specifically, circadian locomotor activity patterns, BMR, capacity for NST, nest building, body mass, and daily food intakes were obtained for male deer mice (Peromyscus maniculatus) and prairie voles (Microtus ochrogaster), and were compared among animals maintained in long daylengths and reproductively regressed and nonregressed animals maintained in short daylengths.
If there is a strong selective pressure for linkage between reproductive response and the presence of winter adaptations, then we would expect that most small, seasonally breeding, photoresponsive species would manifest the same general repertoire of responses to the onset of winter conditions. Nevertheless, the two species we examined differ with respect to the winter adaptations they are capable of manifesting. Specifically, deer mice (P. maniculatus) can become torpid in low temperatures (Blank et al., 1988) , whereas prairie voles (M. ochrogaster) never enter torpor (Wunder, 1984) . Thus, some interspecific differences in the manifestation of winter-coping adaptations were expected.
METHODS

ANIMALS
Adult (>50 days of age) male prairie voles (Microtus ochrogaster ochrogaster) and deer mice (Peromyscus maniculatus bairdii) were obtained from our breeding colonies. The deer mouse breeding colony was established with animals from the Peromyscus Stock Center of the University of South Carolina; these animals were descendants of animals originally caught near East Lansing, Michigan. The prairie vole breeding colony was estabished using animals trapped near Champaign, Illinois. Both colonies were outbred at regular intervals to maintain variation in reproductive responsiveness to photoperiod. All animals were bom in long daylengths (LD 16:8;  lights-on at 0700 hr, EST), weaned at 21 days of age, and thereafter housed individually in polypropylene cages at 23° ± 1°C and relative humidity of 50% ± 5% until the end of the study. After weaning, the animals either remained in long-day conditions or were transferred to short days (LD 8:16;  lights-on at 0900 hr, EST). Food (Agway, Prolab 1000) and tap water were available ad libitum throughout the study.
After 10 weeks of housing in either long-day conditions or short-day conditions, laparotomies were performed on all animals under methoxyflurane anesthesia (Metofane, Pitman-Moore, Fort Washington, NJ). The left testicular dimensions (length x width) were obtained from all males. Short-day animals with testis dimensions of less than 27 mm2 were classified as &dquo;regressed,&dquo; whereas short-day males with testis dimensions exceeding 54 mm2 were classified as &dquo;nonregressed.&dquo; These dimensions correspond reliably to functional reproductive status; that is, regressed animals with small testes are aspermic, whereas animals with large testes have high sperm counts (Desjardins and Lopez, 1983) . Intermediate animals were discarded from this study. Body mass was measured for all experimental animals. The animals were allowed to recover from surgery for 5 days before measurements of wheelrunning activity, BMR, NST, nest building, and food intake were obtained. All animals were tested within 4 weeks after the initial classification. At the end of the study, the animals were killed, and their testes were removed and weighed.
LOCOMOTOR ACTIVITY PATTERNS
The circadian activity patterns of the animals were assessed using running wheels 18 cm in diameter mounted in polypropylene cages measuring 20 x 40 x 40 cm. The running wheels were monitored by a computer that recorded the number and time of each revolution made by an animal on the wheel. Onset of activity was defined as the first 15-min interval during which more than 50 revolutions occurred.
BASAL METABOLIC RATE AND NONSHIVERING THERMOGENESIS
Oxygen (02) consumption was measured using an open-circuit calorimetry technique (Oxyscan Analyzer, Omnitech Electronics, Columbus, OH). The BMR of each animal was measured at 1-min intervals for 60 min at an ambient temperature of 23°C. Animals were housed in a 6-liter Plexiglas chamber during measurement of BMR and NST. The air flow through the chamber was 750 ml/min. 02 consumption was calculated as ml/kg/min, using the following equation: Air flow (ml/min) x % 02 change x 1000 g/kg mass x 100%.
The BMR of the animals was assessed at 23°C by measuring their 02 consumptions while they were anesthetized with &dquo;ketamine cocktail&dquo; (ketamine, 5 mg/kg; rompum, 0.5 mg/kg; acepromazine, 0.5 mg/kg). Capacity for NST was also measured at 23°C, while the animals were anesthetized with ketamine cocktail, by injecting the animals with norepinephrine (0.08 mg/kg).
BMR was calculated as the average 02 consumption over the course of the entire 60min test. NST was calculated as the highest 10-min interval of 02 consumption during the course of the 60-min test. BMR and NST were measured on separate days, with a minimum of 48 hr separating the two tests.
NEST BUILDING
Animals were provided with equivalent amounts of cotton batting in their cages and moved to an environmental chamber maintained at 8°C. Nest-building behavior was assessed in low temperatures, to motivate the animals to build nests as large as possible. The photoperiod under which the animals were housed remained the same during the transition. After 3 days of acclimation, approximately 20 g of cotton was provided to each animal in the food hopper of the cage. Twenty-four hours later, the remaining cotton was removed and weighed. Any cotton in the cages was removed, and the procedure was repeated.
FOOD INTAKE
Food consumption was calculated by measuring the amount of food eaten by prairie voles daily for 7 days. Food intake was not determined for deer mice. Food was provided to the animals in their cages in spill-resistant cups (Desjardins and Lopez, 1983) . DATA 
ANALYSES
All data were analyzed using one-way analyses of variance followed by planned comparisons (Powerstat Analytical Engineering Corp) . Differences between groups were considered statistically significant if p < 0.05.
RESULTS
The testes of short-day voles and deer mice that were classified as reproductively nonregressed were equivalent in size to the testes of long-day males (p > 0.05 in both cases), and significantly larger than those of short-day regressed animals (p < 0.05 in both cases) (Tables 1 and 2). Short-day male voles and deer mice that were reproductively regressed exhibited characteristic winter adaptations in behavior and physiology to a greater extent than either males maintained in long daylengths or males that were nonregressed in short daylengths. Males that maintained reproductive function in short daylengths resembled longday males for some parameters and short-day animals for others.
The phase relationship of activity to lights-off did not differ among the three groups of voles (p > 0.05) (Table 2) . However, long-day male voles performed significantly more wheel revolutions each day than either group of short-day voles (p < 0.05 in both cases) ( Table 2) . That is, the bouts of activity during the active phase of their day were longer in duration for long-day than for short-day male voles. There were no significant differences in the number of revolutions made by reproductively regressed and nonregressed short-day voles (p > 0.05). In contrast, male deer mice displayed photoperiodic differences in entrainment of locomotor activity (p < 0.05) (Table 1 ). Short-day deer mice, regardless of reproductive response, began locomotor activity about 1-1.25 hr after lights-off. Long-day deer mice began wheel-running activity about 0.15 hr after lights-off (Table 1 ). The number of revolutions performed by animals did not differ among groups (p > 0.05 in both cases) (Table 1 ).
There were no differences either in BMR or in NST capacity among males of either species (p > 0.05 in all comparisons) (Tables 1 and 2) . Short-day regressed deer mice hoarded significantly more cotton nesting material than either short-day nonregressed mice or mice maintained in long photoperiods (p < 0.05) (Fig. 1 ). Short-day nonregressed mice did not differ from long-day animals in the amount of nest material removed from the hopper (p > 0.05) (Fig. 1 ). In contrast, there were no TABLE 2. Mean (± SEM) Experimental Parameters for Male Prairie Voles (Microtus ochrogaster ochrogaster) FIGURE 1. (Top panel) The mean (± SEM) mass (g) of nesting material removed from the hopper over 24 hr for long-day (LD 16:8), short-day (LD 8:16) regressed, and short-day (LD 8:16) nonregressed male deer mice (Peromyscus maniculatus). (Bottom panel) Mean (± SEM) mass (g) of nesting material removed from the hopper over 24 hr for long-day (LD 16:8), short-day (LD 8:16) regressed, and short-day (LD 8:16) nonregressed male prairie voles (Microtus ochrogaster). significant differences among the three groups of prairie voles in terms of the amount of cotton nesting material removed (p > 0.05 in each case) (Fig. 1) .
Reproductive responsiveness to photoperiod was correlated with body mass for both male deer mice and prairie voles. Short-day regressed deer mice and prairie voles displayed smaller body mass than either short-day nonregressed conspecifics or long-day conspecifics (p < 0.05 in all comparisons) (Fig. 2 ). Body mass of short-day nonregressed deer mice or prairie voles did not differ from that of their long-day counterparts (p > 0.05 in both cases) (Fig. 2) .
Food intake was directly regulated by photoperiod, not by reproductive response to daylength, among prairie voles. Short-day male voles consumed less food than their longday counterparts (p > 0.05) ( Table 2) . Food intake did not differ between the two reproductive classes of short-day voles (p > 0.05). 
DISCUSSION
In the present study, some winter adaptations developed directly in response to short photoperiod, whereas other adaptations were correlated with testis size. Males varied in their reproductive responsiveness to daylength, and upon that basis were classified as &dquo;regressed&dquo; or &dquo;nonregressed&dquo; (Desjardins and Lopez, 1983) .
The testicular sizes of nonregressed individuals were indistinguishable from those of long-day conspecifics and significantly higher than those of regressed males. Short-day nonregressed deer mice also resembled their long-day conspecifics in body mass and the amount of cotton nesting material used. Short-day regressed deer mice weighed less and removed more nesting material than short-day nonregressed and long-day males. In contrast, short-day nonregressed deer mice resembled their regressed cohorts and differed from longday animals in locomotor activity. In addition to testis size, short-day nonregressed prairie voles also resembled their long-day counterparts in body mass; short-day regressed voles weighed less than either short-day nonregressed or long-day voles. Regardless of their reproductive response to short days, short-day voles reduced their daily food consumption and wheel-running activity, compared to long-day animals. The results of the present study indicate that photoperiod-mediated winter adaptations are not necessarily linked to reproductive response to short day lengths.
It is not immediately apparent why males of short-lived species inhibit their reproductive activities during the winter. The energetic cost of making and delivering sperm is fairly low, relative to females' reproductive costs for winter breeding (Fairbairn, 1977; Clutton-Brock, 1991) . Maintenance of reproductive function during the winter would allow males to take advantage of mating opportunities. Even an extremely low probability of mating success would favor the genes that allowed winter breeding, and these genes would eventually become dominant in the population (Haldane, 1932) . This would be predicted unless, of course, there were deleterious consequences of these genes.
Male rodents that fail to inhibit reproduction in short days probably represent potential winter breeders in natural populations. These animals can take advantage of mild ambient temperatures and impregnate receptive females; in the case of prairie voles with induced estrus, these males can induce females into reproductive condition (Carter et al., 1980) . Female deer mice have also been shown to be reproductively responsive to the presence of male olfactory cues (Hill, 1974; Drickamer, 1982 Drickamer, , 1983 . Males that have photoperiodinduced reproductive regression cannot take advantage of ephemeral mating opportunities because of the time constraints of initiating spermatogenesis (e.g., Clermont, 1972; Hong and Stetson, 1988) . The proportion of individuals engaged in winter breeding in the field, as well as the proportion of individuals that do not respond to daylength in the lab, typically represents a significant minority (typically 20-30%, but ranging from 0% to 100%, depending on the population studied) (reviewed in Nelson, 1987) . Given that most members of a given population typically inhibit breeding in short days, it seems reasonable to conclude that there are deleterious consequences associated with the maintenance of reproductive activities in winter conditions. If there were no deleterious consequences associated with winter reproduction, then one would expect that virtually all members of a population would maintain reproductive function in the winter.
The present study examined the natural variation of reproductive responsiveness to photoperiod, in order to assess the energetic costs associated with the ability to breed in short daylengths. Neither daylength nor reproductive responsiveness affected nest building among voles. However, among deer mice, short-day nonregressed males built smaller nests than did short-day regressed males. The energetic costs of inadequately constructed nests in low temperatures can be high (Lynch, 1973a; Dark and Zucker, 1983) . Huddling with other animals also significantly reduces the amount of energy an individual expends in the nest (Vogt and Lynch, 1982) . Therefore, animals that do not engage in communal huddling may lose an important opportunity to conserve energy. Although this was not examined in the present study, nonregressed male meadow voles (M. pennsylvanicus) do not appear to huddle with other animals during the winter (McShae, 1990) . In McShae's (1990) study, tests of aggression involving a nonregressed male vole resulted in more aggression than tests that did not involve a nonregressed male. This observation suggests that nonregressed male meadow voles may fail to manifest the behavioral changes necessary to permit communal huddling during the winter. The reason why they fail to manifest these behavioral changes is not clear. One possibility is that maintenance of androgen-dependent behaviors may be responsible for their lack of huddling. However, it is also possible that androgen-independent mechanisms are responsible for the failure of these animals to manifest behaviors that permit huddling. Another significant energetic cost is maintenance of a larger body mass in short-day nonregressed male voles as compared to their short-day regressed counterparts. Larger animals require more food to maintain their mass than do smaller individuals (Lynch, 1973b; Dark et al., 1983b; Zucker, 1984, 1986) . Thus, nonregressed males would seem to be at a disadvantage relative to the smaller regressed individuals, because they would have to find and consume more food. However, nonregressed males did not consume more food than their regressed counterparts in this study, suggesting that they are more efficient in obtaining energy from the digestive process or that they are less active.
Short-day nonregressed male voles were not at any disadvantage in terms of spontaneous locomotor activity, relative to the short-day regressed males. Both groups displayed much less locomotor activity than did their long-day conspecifics. These results suggest that the nonregressed individuals are superior to regressed individuals in processing energy, because they weigh more, eat equivalent amounts, and yet display equivalent amounts of locomotor activity.
Photoperiod did not induce changes in phase relationships in entrainment among voles. In some species (e.g., the montane vole [M. montanus]; Rowsemitt et al., 1982; Rowsemitt, 1986) , locomotor activity changes from nocturnal among long-day animals to diurnal in short-day animals. Presumably, this allows winter foraging to occur during the day, in order to conserve energy. Because testosterone mediates this shift in locomotor activity pattern (Rowsemitt, 1986 ), short-day nonregressed individuals of these species probably would emit nocturnal running behavior similar to that of long-day animals. This could compound the energy requirements for nonregressed individuals during the winter.
Photoperiod did not affect BMR or NST in either species. Previous studies reported photoperiodic differences in BMR in P. maniculatus (Blank et al., 1988) and M. ochrogaster (Wunder, 1984) . Our BMR and NST values are equivalent to previously reported values for long-day conspecifics. Several procedural differences may have accounted for the differences. In the previous studies, the animals were housed long-term in low-temperature environments. Also, the animals in the previous studies were from habitats undergoing extreme seasonal climatic changes (P. maniculatus nebrascensis, South Dakota; M. ochrogaster, Colorado) .
Two characteristic features of rodent populations that are increasing or in the so-called &dquo;peak phase&dquo; in nature are the occurrence of winter breeding and the appearance of larger than average males (reviewed in Taitt and Krebs, 1985) . Our data suggest that males that are reproductively nonresponsive to photoperiod could represent these winter-breeding males in nature. These nonregressed males in short daylengths can maintain a larger body mass without increasing food intake or activity, compared to their regressed short-day counterparts. Apparently, nonregressors in short days increase their gut energy absorption efficiency. These individuals would seem to be at a disadvantage in habitats with very challenging thermoregulatory conditions. But in habitats that are relatively mild during the winter or that vary in severity, the proportion of reproductively nonresponsive morphs would be predicted to be substantial. Thus, one could predict that the proportion of a population that is reproductively responsive to daylength in the laboratory will follow a latitudinal and altitudinal gradient based on climatic conditions (see Lopez, 1981; Lynch et al., 1981; Dark et al., 1983a) . Future work is required to examine this hypothesis. Also, the role of photoperiodmediated reproductive responsiveness in juveniles should be assessed, in order to understand the complex adaptive features of seasonality. The environmental pressures leading to seasonal adaptations are complex, and further laboratory analyses will be necessary to parcel out the dynamic forces that shape these adaptations. HONG LYNCH, G. R., C. B. LYNCH, and H. DINGLE (1973) Photoperiodism and adaptive behaviour in a small mammal. Nature 244 : 46-54.
